Sensitive photon detection in the gigahertz band constitutes the cornerstone to study different phenomena in astronomy [1] , such as radio burst sources [2], galaxy formation [3] , cosmic microwave background [4] , axions [5, 6] , comets [7], gigahertz-peaked spectrum radio sources [8] and supermassive black holes [9] . Nowadays, state of the art detectors for astrophysics are mainly based on transition edge sensors [10] [11] [12] and kinetic inductance detectors [13] [14] [15] . Overall, most sensible nanobolometers so far are superconducting detectors [16] showing a noiseequivalent power (NEP) as low as ∼ 2 × 10 −20 W/Hz 1/2 [17] . Yet, fast thermometry at the nanoscale was demonstrated as well with Josephson junctions through switching current measurements [18, 19] . In general, detection performance are set by the fabrication process and limited by used materials. Here, we conceive and demonstrate an innovative tunable Josephson escape sensor (JES) based on the precise current control of the temperature dependence of a fully superconducting one-dimensional nanowire Josephson junction. The JES might be at the core of future hypersensitive in situ-tunable bolometers or single-photon detectors working in the gigahertz regime. Operated as a bolometer the JES points to a thermal fluctuation noise (TFN) NEP T F N ∼ 1 × 10 −25 W/Hz 1/2 , which as a calorimeter bounds the frequency resolution above ∼ 2 GHz, and resolving power below ∼ 40 at 50 GHz, as deduced from the experimental data. Beyond the obvious applications in advanced ground-based [20] and space [21] telescopes for gigahertz astronomy, the JES might represent a breakthrough in several fields of quantum technologies ranging from sub-THz communications [22] and quantum computing [23] to cryptography [24] and quantum key distribution [25] .
and galaxy expansion [3] benefits from ultrasensitive gigahertz bolometers, while the existence of axion-likeparticles [5, 6] might be proven through the revelation of microwave single-photons (see Fig. 1-a) . To improve photon detection sensitivity, novel superconducting sensors have been developed by miniaturizing the active region [27, 28] , and drastically lowering their operation temperature via the Josephson coupling in complex nanostructures [17, [29] [30] [31] [32] [33] [34] [35] . Their properties are thus defined during the fabrication process and can not be tuned during the operation. In analogy to the widespread transition edge sensor (TES), the JES exploits the change of resistance of a superconductor when transitioning to the dissipative state: either the absorption of radiation or the change of temperature [18, 19] trigger the passage from the superconducting to the normal regime yielding a sizable signal from the sensor. In contrast to TESs, the JES benefits from the possibility to finely tune in situ its working temperature and sensitivity.
The JES operation principle is based on a fully superconducting one-dimensional (1D) Josephson junction (JJ), i.e., two superconducting leads coupled by a superconducting nanowire with lateral dimensions smaller than its coherence length (ξ). The transition to the dissipative state can be understood to be due to 2π phaseslips, qualitatively similar to the tilted washboard potential model (WP) of JJs, where a phase particle moves in the WP under action of friction forces [36, 37] . The effective WP profile strongly depends on both bias current (I) through the junction and Josephson energy (E J ) [38] (see left panels of Fig. 1-b and c). In particular, for a 1D nanowire JJ the escape barrier can be written as [38] U (I,
where E J = Φ 0 I C /2π, Φ 0 2.067 × 10 −15 Wb is the flux quantum, and I C is the JJ critical current. Equation 1 shows that the phase particle escape from a potential minimum (and, therefore, the corresponding transition of the junction to the dissipative state) can be finely controlled either by rising I or by suppressing I C .
Thanks to the exploitation of a 1D JJ, the JES benefits from a two-fold advantage. On the one hand, transverse dimensions smaller than ξ ensure a constant superconducting wave function along the wire cross section leading to uniform superconducting properties. On the other hand, a nanowire width (w) much smaller than the 
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147 69 20 6 FIG. 1. GHz astronomy and JES operation principle. a, Frequency and energy ranges relevant for different astronomical investigations, such as cosmic microwave background [4] , pre-inflation and post-inflation axions [6] , non-thermal (NT) and thermal (T) galaxy emission [3] . b, Left: Schematics of the washboard model versus phase difference across a JJ for different values of bias current (I rises from blue to green). U represents the energy barrier for the escape of the phase particle (red dots). Right: RSJ resistance (R) versus temperature (T ) characteristics of a JJ for different values of I. Both the transition temperature and its width decrease by rising I. c, Left: Schematics of the washboard model versus phase difference across a JJ for different values of the Josephson energy (EJ decreases from blue to green). Right: R versus T characteristics of a JJ for different values of EJ at I = 0. Black dotted curves are calculated by varying I in order to have the same transition temperature.
London penetration depth (λ L ) guarantees the supercurrent density in the JJ to be homogeneous when currentbiasing the JES, and a uniform penetration of the film by an external magnetic field. For comparison, in a sufficiently shunted overdamped limit, we can calculate the resistance (R) versus temperature (T ) characteristics of a JJ for different values of I and E J [39] (see SI for details). Specifically, an increase of I leads to a sizable lowering of the resistive transition temperature accompanied by its narrowing, as shown in the right panel of Fig. 1-b . Similarly, the transition temperature can be reduced by [42] (see Methods for details). Green line is a guide to the eye for the retrapping current. Inset: the nanowire switches from the superconducting to the normal state at IC , while the transition from the resistive to the dissipationless regime occurs at IR. The hysteretic behavior stems from Joule heating when transitioning from the normal to the superconducting state [41] . IR is almost T -independent, and it is 26.6 nA.
decreasing E J , but its width shrinks less than in the presence of a bias current flowing through the nanowire (see the right panel of Fig. 1-c ). Note that E J can be suppressed, for instance, by applying an external magnetic field (B). However, the use of B can be detrimental for several applications, since it typically broadens the superconducting transition [40] . As we shall show, tuning the nanowire JJ through current injection will prove to be an excellent strategy to achieve near-to-ideal nanosensors with ultimate performance.
The realization of a typical JES is shown in the pseudocolor scanning electron micrograph displayed in Fig. 2 a. The nanosensor active region consists of a 1.5 − µmlong and 100-nm-wide bilayer nanowire composed of aluminum (Al, with thickness t Al = 10.5 nm) and copper (Cu, with thickness t Cu = 15 nm), while the superconducting leads consist of 40-nm-thick Al banks (see Methods for fabrication details). Josephson transport in the nanosensor is highlighted by the DC current (I) vs voltage (V ) characteristics shown in Fig. 2-b for bath temperatures (T ) ranging from 20 mK to 160 mK. The wire normal-state resistance is R N 77 Ω, and the typical heating-induced hysteretic behavior of the I − V curves is observed [41] . On the one hand, the critical current obtains a maximum I C 575 nA at T 20 mK (see Fig. 2 -c), and monotonically decreases with T following the prediction of Bardeen [42] (see Methods for details). On the other hand, the retrapping current (I R 26.6 nA) is constant in the whole temperature range. As stated, the JES working principle is based on a 1D nanowire JJ. Indeed, the coherence length (ξ 220 nm) and the London penetration depth (λ L 970 nm) of the nanowire are much larger than the wire width (w = 100 nm) and total film thickness (t w = 25.5 nm) thereby providing the frame of a 1D junction (see Methods). Yet, the nanowire length (∼ 6.8 ξ) reduces the influence of the superconducting proximity effect arising from the clean contact with the lateral Al leads [37] . We also note that the maximum magnetic field created by the critical current flow, B max 5 µT, is negligibly small compared to the out-of-plane critical magnetic field of the wire (B C 21 mT) thus implying a vanishing effect on the JES.
We investigated the behavior of the JES by recording the resistance versus temperature characteristics for several amplitudes I of low-frequency AC bias current (see Fig. 3 -a). The R(T ) characteristics monotonically shift towards low temperatures by increasing I, almost preserving the same shape up to the largest current amplitude. In particular, I was varied between ∼ 3% and ∼ 64% of I C . Note that although the transition curves shift towards low T by increasing I, the nanowire electronic temperature T w in the middle of the transition under current injection is not expected to coincide anymore with the bath temperature T b . Indeed, when transitioning to the normal state, electrons in the nanowire are Joule overheated with respect to T b by the bias current (with final T w T C ), thus preventing the operation of the nanosensor as a conventional TES biased at those low bath temperatures, without additional shunting. By contrast, when operated in the dissipationless regime, i.e., as an escape sensor, T w coincides with T b .
From the R vs T curves we can specify a currentdependent temperature related to the resistive transition, i.e., the escape temperature [T * e (I)]. The latter is the maximum value of T providing a zero nanowire resistance (see the inset of Fig. 3-a and Methods). The T * e (I) characteristics for two JES samples are shown in Fig. 3-b . In particular, T * e is monotonically reduced by increasing I with a maximum suppression ∼ 85% (i.e., down to ∼ 20 mK) of the nanowire intrinsic critical temperature, T C ∼ 130 mK. Moreover, the transition width (δT * C ) narrows by increasing I (see Fig. 3-c) . In particular, δT * C is suppressed by a factor of 4 at the largest current amplitude, mirroring the expected changes in the switching as shown in Fig. 1-b .
In addition, to prove the complementary tuning of the WP through the suppression of I C (see Eq. 1), we applied a perpendicular-to-plane magnetic field. The resulting shape of the corresponding transition degrades dramatically in the presence of B (see Fig. 3-d) . In particular, the R vs T characteristics appear to be scarcely tunable, while the onset and the width of the transition become comparable at high values of the magnetic field. T * e shows a stark variation at values of B → B C , and is joined to the outbreak of the transition width, as displayed in Fig. 3 -e. The above results in a finite magnetic field validate therefore the bias current as an ideal tool to control the JES properties.
Insight into the behavior of the JES can be gained by considering the predominant heat exchange mechanisms occurring in the nanodevice, as schematically depicted in the thermal model of Fig. 4 -a. The absorption of external incident radiation (P in ) leads to the increase of the nanowire electronic temperature T w . Yet, the two lateral superconducting Al leads (residing at bath temperature T b ) serve as Andreev mirrors [43] thereby sup-pressing heat out-diffusion (P w−l ) from the nanowire. As a consequence, the main thermal relaxation channel in the system stems from heat exchange with lattice phonons (P e−ph ) residing at T b . For a normal metallic thin film, P e−ph,n = Σ w V w T 5 w − T 5 b [10, 44] , where V w is the nanowire volume, and Σ w is the electron-phonon coupling constant of the bilayer. Σ w was determined through energy-relaxation experiments [44] by injecting a known power, and by measuring the resulting steadystate electron temperature established in an ad hoc fabricated identical wire kept above its critical temperature. Figure 4 -b shows the T w vs P in characteristic (blue dots) recorded at T b = 147.5 mK along with a fit to the data which allows to extract the electron-phonon coupling constant in the Al/Cu nanowire, Σ w 1.15×10 9 Wm −3 K −5 (see SI).
Yet, since the JES is operated in the superconducting state at T * e (I), the latter can be substantially smaller than T C depending on the current amplitude. At sufficiently low temperature, the electronphonon heat exchange in a superconductor is exponentially suppressed with respect to the normal state owing to the presence of the energy gap, i.e., P e−ph,s ∝ P e−ph,n exp [−∆ w /(k B T * e )] [45] , where ∆ w 23 µeV is the pairing potential in the nanowire (see SI). As we shall argue, the operation deeply in the superconducting state dramatically improves the JES key figures of merit for radiation detection.
In general, the performance of a bolometer can be quantified by the NEP that is the input power resolution per unit bandwidth. For the JES, the NEP is bounded by thermal fluctuations between the electron and phonon system in the nanowire [44] . Other limitations to the resolution can arise from the switching measurement, which we assume is optimized to be sub-dominant. From our experimental data we deduced the thermal fluctuation noise (TFN)-limited NEP T F N , as shown in Fig. 4 -c (see also SI). The NEP T F N monotonically decreases by increasing the current amplitude, and turns out to be insitu finely controlled by tuning I. In particular, the JES points to noise values which are several orders of magnitude smaller than so far reported. Specifically, the best extracted NEP T F N obtains values as low as ∼ 1 × 10 −25 W/ √ Hz for I = 370 nA at ∼ 18 mK. By contrast, in the normal state, the sensor is expected to provide a much higher NEP T F N ∼ 6 × 10 −20 W/ √ Hz. In pulsed detection mode, a relevant figure of merit of a radiation sensor is represented by the frequency resolution (δν), i.e., the minimum detectable energy for an incident single photon (see SI). We here assume the JES measurement is performed accurately and sufficiently fast [18, 19] compared to the thermal relaxation time τ , and estimate the limitation from the TFN. Figure 4 -d emphasizes the strong dependence of δν TFN on I which displays variations over 3 orders of magnitude. For δν TFN , this limit can be as low as ∼ 2 GHz at 370 nA, and would enable single-photon sensing at unprecedented low energies. The limitation to single-photon sensing capability from TFN in our JES is highlighted by the resolving power (ν/δν TFN ), calculated vs incident radiation frequency in Fig. 4 -e. ν/δν TFN can reach ∼ 40 at 50 GHz, and ∼ 800 at 1 THz both for 370 nA.
We wish to finally comment onto the JES time constant (τ ), which is one of the fundamental figures of merit for a radiation sensor. It is basically given by the ratio between the electron heat capacitance and the electronphonon heat conductance in the nanowire [44] , since heat conduction through the lateral Al electrodes is negligible in a JES. In pulsed detection mode τ determines the minimum speed of the read-out electronics (which has to be faster than τ ), and the minimum time separation for the independent detection of two photons. Figure 4 -f shows the expected JES time constant vs bias current I, as deduced from the experimental data (see SI). In particular, τ increases monotonically by increasing I, and varies between ∼ 1 µs at low current amplitude and ∼ 100 ms at 370 nA.
In summary, we have conceived and demonstrated an innovative hypersensitive superconducting radiation sensing element supplied with the capability of in-situ fine tuning its performances by a current bias. Our nanosensor has the potential to drive radiation detection in the gigahertz regime towards unexplored levels of sensitivity by lowering the thermal fluctuation limitation to NEP down to ∼ 1 × 10 −25 W/ √ Hz, with a corresponding limit in frequency resolution at ∼ 2 GHz. The JES is expected to have significant impact in radio astronomy [1-4, 7, 9, 20, 21] , space spectroscopy [8] and dark matter search [5, 6] , since its working mechanism could allow, in principle, the immediate replacement of TESs in already existing experiments and telescopes. Furthermore, the JES could have countless applications in several fields of quantum technology where extrasensitive photon detection is a fundamental task, such as sub-terahertz communication [22] , quantum computation [23] and quantum cryptography [24, 25] .
METHODS

Fabrication
The JESs were fabricated by electron-beam lithography and two angles shadow-mask electron-beam evaporation of metals onto an oxidized silicon wafer through a suspended resist mask. The 1D sensor active region consists of a bilayer of Al (t Al = 10.5 nm) and Cu 
Measurements
All measurements were performed in a filtered He 3 -He 4 dry dilution refrigerator at different bath temperatures in the range 20 − 160 mK. The resistance R vs temperature characteristics of the JES and of the Al banks were obtained by conventional four-wire low-frequency lock-in technique at 13.33 Hz. To this end, AC excitation currents with typical root mean square amplitudes I 15 − 380 nA were imposed through the device. The current was generated by applying an AC voltage bias (V ac ) to a load resistor of impedance (R L ) much larger than the sample resistance (R L = 100 kΩ R). The critical temperature of the Al banks was measured with the same set-up. The I vs V characteristics of the nanowires were obtained by applying a low-noise DC biasing current, while the voltage drop was measured via a room-temperature battery-powered differential preamplifier.
Device parameters
The temperature dependence of the critical current of the nanowire can be fitted through the phenomenological equation [42] I C (T ) = I C,0 1 − (T /T C ) 2 3/2
, where I C,0 is the zero-temperature critical current. The fit provides I C,0 615 nA and a critical temperature T C,f it 133 mK, which is good in agreement with the experimental value obtained from the resistance versus temperature characteristics. From the nanowire normal-state resistance (R N 77 Ω) we determined the superconducting coherence length in the active region ξ = l /[(t Al N Al + t Cu N Cu )R N e 2 ∆ w ] 220 nm, where is the reduced Planck constant, e is the electron charge, while N Al = 2.15 × 10 47 J −1 m −3 and N Cu = 1.56 × 10 47 J −1 m −3 are the density of states at the Fermi level of aluminum and copper, respectively. The superconducting energy gap of the bilayer, ∆ w = 23 µeV, has been determined by tunnel spectroscopy performed on ad hoc fabricated nominally identical wires equipped with Al tunnel probes. For further details, see SI. The London penetration depth was determined as λ L = (t Al + t Cu )wR N /(πµ 0 l∆ w ) 970 nm, where µ 0 is the magnetic permeability of vacuum. The maximum magnetic field generated by the bias current at the wire surface reads B I,max = µ 0 I C,0 /(2πt w ) 5 µT, where I C,0 is the zero-temperature critical current, and t w = t Al + t Cu is the total thickness of the JES active region. Finally, the critical temperature of the Al banks was T C,Al 1.3 K.
The current-dependent escape temperature [T * e (I)] is defined as the maximum value of temperature providing R(I) = 0, i.e., when the JES is in the dissipationless state.
